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and
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I. INTRODUCTION
The use of high frequency energy as a source of heat to cure
synthetic resin glue lines in wood assemblies is comparatively new
to the wood products industry.To facilitate the proper use of this
form of energy, it is essential that a more complete knowledge of
the dielectric properties of wood be made available.These proper-
ties, namely, dielectric constant and power factor, must be known in
order to determine the optimum circuit conditions for a particular
process and material.
A previous study (1) of the dielectric properties of Douglas fir
has led to a similar study for Ponderosa pine(Pinus ponderosa
Lawson).Both of these woods are widely used in the manufacture
of wood products in Oregon and the remainder of the Pacific North-
west region. The purpose of this bulletin is to present extensive data
for the dielectric constant and power factor of Ponderosa pine.The
data are presented in terms of four variables :(1)frequency,
(2) moisture content, (3) specific gravity, and (4) grain direction.
Much of the detail concerning dielectric heating theory and the
analysis of data obtained from measurements to determine the power
factor and dielectric constant has been omitted from this bulletin.
The reader is referred to a previous bulletin (1) for a complete pre-
sentation of these sections.In addition, the previous bulletin con-
tains a section on design considerations that presents much useful
information.
II. DIELECTRIC HEATING
1. The electric field.Whenever a potential difference (or
voltage) is impressed on two electrodes, an electric field is produced
in the medium between the electrodes.This medium in which the
electric field exists is called a "dielectric."Various materials have
different dielectric properties, and hence the electric field will have
different characteristics in different media. Two of these dielectric4 ENGINEERING EXPERIMENT STATION BULLETIN 29
properties that are important iidielectric heating are the "dielectric
constant" and "power factor" of the dielectric,it is necessary that
both of these quantities be determined in order to perform calcula-
tions for a particular dielectric material.
2. Power loss in a dielectric.If a d-c voltage is applied be-
tween two electrodes, a static electric field will be set up.If the
dielectric material is not a perfect insulator there will be a small con-
duction current flowing through the dielectric.This will cause
power to be produced in the dielectric material equal to the product
of the voltage times the current.Such power loss in the dielectric
material will be called "conduction loss."
If a high-frequency alternating voltage is applied between the
electrodes, the conduction loss still occurs though it may be some-
what different in magnitude from that for an applied d-c voltage.
However, in addition to the conduction loss there will be another com-
ponent of power produced with a-c voltage that was not present when
a d-c voltage was applied.This additional loss will be called "dielec-
tric loss."
When a-c voltage is applied to the electrodes, the resultant rapid
alternation of the electric field produces changing stress conditions in
the dielectric material.This causes a loss of power within the di-
electric.Dielectric materials that possess good insulation qualities
may have a very small conduction loss but a rather large dielectric
loss,it is the power produced due to dielectric loss that is of chief
interest in the dielectric heating problem.
An analysis of dielectric loss (I) yields the following relation-
ship amongst the variables that must be considered in a dielectric
heating problem.
Power
density= 1.414 X1O'2(pf)()(f)(gradE)2watts per
cu in.(1)
pf =power factor of the dielectric.
dielectric constant of the dielectric.
f= frequency in cycles per second.
grad E =potential gradient in rrns volts per inch.
It will be noted from equation (1) that the power density in-
creases directly with the frequency for a fixed value of potential
gradient.However, the power factor and dielectric constant of most
materials varies with frequency.Hence, these quantities must be
determined at the frequency to be used.Generally it will be found
that the product of power factor and dielectric constant does not vary
widely with frequency over a small range of frequencies.DIEIEcTRIc PROPERTIESOFPONDEROSA PINE
III. DIELECTRIC PROPERTIES OF PONDEROSA
PINE
1. Variables that affect dielectric properties. A consider-
able amount of preliminary data was obtained in a previous study
of Douglas fir to determine the major variables affecting the dielectric
properties of wood.The results indicated that the following vari-
ables had a major effect upon the dielectric constant and power
factor:
(a)Frequency,
(b)Moisture content,
(c)Wood density,
(d)Grain direction.
2. Frequency.Data were taken in the frequency range from
two to forty megacycles per second.The dielectric constant and
power factor data are presented on graphs as a function of frequency.
Within the frequency range investigated, the dielectric constant de-
creases with increasing frequency while the power factor shows an
increase.
3. Moisture content.The moisture content of the wood is
expressed as a per cent of the oven dry weight of wood. Data were
taken for nominal moisture contents of oven-dry, 4, 10, and 15 per
cent.The data are presented by graphs, each depicting a different
moisture content.The dielectric constant shows a large increase as
the moisture content is increased from oven-dry to 15 per cent. The
power factor in general shows a lesser increase as the moisture con-
tent increases in this range.
4. Wood density.The specific gravity of the wood at oven-
dry condition was measured. Data were obtained on wood samples
having nominal specific gravities of 0.35, 0.40, and 0.45 and are
plotted as three sets of curves on each graph. The more dense wood
has a greater value of dielectric constant and generally a somewhat
larger value of power factor.
5. Grain direction.Vertical grain wood has a grain direction
perpendicular to the electrode surfaces and parallel to the electric
field.Flat grain wood has a grain direction parallel to the electrode
surfaces and perpendicular to the electric field.Data were obtained
for both grain directions, and two curves (one for each grain direc-
tion) are plotted in each set on the graphs.
The effect of grain direction upon the dielectric properties of
Ponderosa pine does not appear to be as significant as for Douglas6 ENGINEERING EXPERIMENT STATION BULLETIN 29
fir.Whether or not this is characteristic of the less dense woods
cannot be determined without additional data on other species.In
general the woods tested have exhibited a greater value of power
factor and dielectric constant for vertical grain.An exception to
this is noted for medium density Ponderosa pine.At oven-dry con-
ditions the dielectric constant is greater for vertical grain, but as the
moisture content is increased the data cross over and at the higher
moisture contents the flat grain specimens exhibit the larger value of
dielectric constant. The power factor is slightly greater for flat grain
at all moisture content values.
The specimens tested appeared normal in every respect, but there
is a possibility that minor variations not considered might have caused
this exception because the difference between dielectric properties of
vertical grain and fiat grain Ponderosa pine is slight.
6. Temperature. The dielectric constant and particularly the
power factor of a piece of wood tend to change as the temperature
rises during the heating cycle.Normally, slight circuit adjustments
must be made during the heating cycle if the input power is to be held
constant.All data in this bulletin were taken at temperatures near
normal room temperature.Hence, design calculations using these
data are for the initial conditions existing at the start of the heating
cycle.I-zi
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Figure 1.Dielectric constant of oven-dry Ponderosa pine.Letters
indicate vertical grain (VG) or flat grain (FG). Numbers indicate
specific gravity.Each point shown is the average for 5 samples.2
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Figure 2.Dielectric constant of Ponderosa pine at 4% moisture
content.Letters indicate vertical grain (VG) or flat grain (FO).
Numbers indicate specific gravity. Each point shown is the aver-
age for 5 samples.
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Figure 3.Dielectric constant of Ponderosa pine at 10% moisture con-
tent.Letters indicate vertical grain (VG) or flat grain (FG).
Numbers indicate specific gravity.Each point shown is the aver-
age for 5 samples.
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Figure 4.Dielectric constant of Ponderosa pine at 15% moisture con-
tent.Letters indicate vertical grain (VG) or flat grain (FG).
Numbers indicate specific gravity.Each point shown is the aver-
age for 5 samples.
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Figure 5.Power factor of oven-dry Ponderosa pine.Letters indicate
vertical grain (VG) or flat grain (FG).Numbers indicate spe-
cific gravity.Each point shown is the average for 5 samples.
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Figure 6.Power factor of Ponderosa pine at 4% moisture con-
tent.Letters indicate vertical grain (VG) or flat grain (FG).
Numbers indicate specific gravity. Each point shown is the average
for 5 samples.
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Figure 7.Power factor of Ponderosa pine at 10% moisture content.
Letters indicate vertical grain (VG) or flat grain (FG). Numbers
indicate specific gravity.Each point shown is the average for 5
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Figure 8.Power factor of Ponderosa pine at 15% moisture content.
Letters indicate vertical grain (VG) or flat grain (FG). Numbers
indicate specific gravity.Each point shown is the average for 5
samples.
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IV. Procedure
1. Selection of samples. As a result of the previous work on
Douglas fir (1), it was determined that the dielectric properties of
wood areprimarily affected by thefollowing wood variables:
(a) Moisture content,
(b) Specific gravity,
(c) Grain direction.
Variation in amount of sapwood and heartwood, growth site,
fungus stain, other discolorations, and presence of small pitch streaks
were found to have negligible effect on the dielectric properties. As a
result of the foregoing disclosures, sample categories were established
to include specimens that would be representative of the normal range
of specific gravity found in Ponderosa pine.Nominal values for
specific gravity were set at 0.35, 0.40, and 0.45. Each of these cat-
agories were represented by five flat grain specimens (grain oriented
parallel to electrode surfaces), and five vertical grain specimens (grain
oriented perpendicular to electrode surfaces).This comprised a total
requirement of 30 sample pieces.
2. Preparation of samples.Sample pieces were cut from kiln
dried billets 0.5 inch thick by two or more feet long having a moisture
content of 8 per cent.The billets, ctit froni rough timber, were se-
lected to be consistent with established requirements for direction of
grain and range of specific gravity.Moisture content was maintained
at 8 per cent, the midpoint of variation during testing, so that di-
mensional change would be minimized as the moisture content was
varied.
Samples were cut 4 inches square by 0.25 inch thick with a
tolerance of ±0.003 inch.After cutting and extremely light sanding
of the edges to remove loose fibers, the samples were reconditioned
to 8 per cent moisture content.Weights were then taken and the
approximate specific gravity of each individual piece was determined
on the basis of calculated oven-dry weight.Selection of the final 30
samples was made from a larger quantity of original specimens and
was based on the physical appearance and specific gravity of in-
dividual pieces.
3. Establishing moisture content values.To enable invest-
tigation of the effect of varying moisture content on dielectric prop-
erties, samples were tested at nominal values near oven-dry, 4, 10,
and 15 per cent.The upper limit of this range was selected as being
consistent with the requirements of most synthetic resin adhesives16 ENGINEERING EXPERIMENT STATION BULLETIN 29
and with the practical maximum moisture content desirable with
dielectric heating of wood.
Samples were conditioned in two steps.First, they were brought
to the desired moisture content value in a small experimental dry
kiln.This procedure amounted to pre-conditioning.Second, the
samples were confined in desiccators in which saturated salt solutions
were used to maintain desired equilibrium conditions (2). During this
period of conditioning, temperature was established as near to normal
room temperature as the nature of the particular salt solution would
permit.Each desiccator (Figure 9) was equipped with a fan for air
circulation and an agitating paddle in the salt solution, thereby
obtaining the maximum effect from the solution and avoiding air
stratification within the chamber.
Moisture content values were established at temperatures near
room temperature.Oven-dry samples, which were necessarily ex-
posed to a temperature of 212 F, were wrapped in aluminum foil and
allowed to cool to room temperature in desiccators before electrical
measurements were made.
Figure9.Moisture conditioning apparatus.
4. Determination of specific gravity.Original grouping of
samples, as described previously, was based on a specific gravity value
for oven-dry Ponderosa pine derived from the calculated oven-dry
weight and calculated volume of each sample. At the termination of
testing, the samples were oven dried, weighed, and immersed in mer-DIELECTRIC PROPERTIES OF PONDEROSA PINE 17
cury as a means of measuring volume by displacement.All data in
this bulletin are based on true values for specific gravity established
by the final procedure.
5. Q-meter.All electrical measurements were made with a
Boonton Radio Corporation Type 160-A Q-meter.This instrument
may be used for determining dielectric properties of materials in the
frequency range from50kilocycles to75megacycles per second.
Fundamentally, the measuring circuit consists of a series circuit
which may be adjusted to resonance with a calibrated variable capaci-
tor.Plug-in coils having different inductances are used to cover the
wide frequency range. A built-in vacuum tube voltmeter measures
the voltage across the variable capacitor and is calibrated to indicate
the Q of the entire series circuit.
6. Press. A small press to hold the wood sample was con-
structed with parallel brass plate electrodes four inches square. A
screw arrangement is provided so that considerable pressure can be
placed on the sample after it is inserted between the electrodes.The
bottom electrode is insulated and supported by four polystyrene
columns0.75inch diameter and1.25inches high. The press sits atop
the Q-meter and has two short0.75inch wide copper straps con-
necting the electrodes to the Q-meter terminals.
Figure 10.Boonton Q-meter and accessories.18 ENGINEERING EXPERIMENT STATION BILLETIN 29
The photograph, Figure 10, shows the Q-meter with all acces-
sories in normal position.The shielded coil is at the left atop the
Q-meter and the press with a sample in place is at the right. A con-
stant-voltage transformer, shown alongside the Q-meter, is required
so that changes in line voltage do not affect the Q-meter calibration.
7. Electrical measurements. Any set of electrodes to hold
the sample while taking measurements will inherently have distrib-
uted inductance and capacitance and may have small losses.These
either must be kept very small or data must be taken in such a man-
ner as to account for these electrode constants, otherwise the accuracy
of the results will not be good. The higher the frequency of measure-
ment, the more difficult is the problem of minimizing the effects of
the distributed inductance and capacitance of the electrodes and as-
sociated leads.Therefore, a method of taking data to account for
these effects was worked out.All data for this bulletin were taken
in this manner.
It is necessary to take three sets of readings from the Q-meter
to account for the distributed constants of the press and determine
accurately the dielectric properties of the wood sample.
(1) Observe theQreading and the calibrated capacitor setting
at resonance with the coil in place but without the press
connected.
(2) Observe the calibrated capacitor setting at resonance with
both the coil and press connected but without, a sample in
place.The press must be adjusted so that the electrode
spacing is equal to the sample thickness for this measure-
ment.
(3) Observe theQreading and the calibrated capacitor setting
at resonance with both the coil and press connected and
with a sample in place.
An analysis of the required measurements results in the follow-
ing expressions. A complete derivation of these is included in the
bulletin on Douglas fir (1).
(C2Ca+Ce)(QiQ:)
C1(Q1 Q3)
Qof the wood dielectric.
(2)
C1, C2, andC3capacitance of the Q-meter calibrated variable
capacitor for parts (1), (2), and (3) respec-
tively as listed above.DIELECTRIC PROPERTIES OF PONDEROSA PINE 19
Ce = the direct capacitance between the electrode
faces when the spacing between them equals
the sample thickness.It may be calculated
from equation (3).
Q1andQ3Qreadings for parts (1) and (3) respectively
as listed above.
0.225A
micro-microfarads (3)
S
A = area of one electrode in square inches.
sdistance between electrodes in inches.
The power factor of the dielectric andQare related as in the
following expression:
1
pf= (4)
Vi + Q2
If the value ofQis greater than about 10, the value of the power
factor becomes essentially equal to the reciprocal ofQ.
pf= ifQ>10 (5)
The dielectric constant is determined from equation (6) where
the quantities indicated are the same as for equations (2) and (3).
4.45(C2 C3)s
(6)
A
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No.8.The Piezo Electric Engine Indicator, by W. H. Paul and K. R. Eldredge.
Reprinted from Nov. 1935, Oregon State Technical Record.
Ten cents.
No.9.Humidity and Low Temperature, by W. H. Martin and E. C. Willey.Re-
printed from Feb. 1937, Power Plant Engineering.
None available.
No. 10.Heat Transfer Efficiency of Range Units, by %V. J. Walsh.Reprinted from
Aug. 1937, Electrical Engineering.
None available.
No. 11.Design of Concrete Mixtures, by I. F. Waterman.Reprinted from Nov. 1937,
Concrete.
None available.
No. 12.Water-wise Refrigeration, by W. H. Martin and R E. Summers.Reprinted
from July 1938.Power.
Ten cents.
No. 13.Polarity Limits of the Sphere Gap, by F. 0. McMillan. Reprinted from Vol.
58, A.I.E.E. Transactions, Mar. 1939.
Ten cents.
No. 14.Influence of Utensils on Heat Transfer, by %V. G. Short.Reprinted from
Nov. 1938, Electrical Engineering.
Ten cents.
No. 15.Corrosion and Self-Protection of Metals, by R. E. Summers.Reprinted from
Sept. and Oct. 1938, Industrial Power.
Ten cents.
No. 16.Monocoque Fuselage Circular Ring Analysis, by B. F. Ruffner.Reprinted
from Jan. 1939, Journal of the Aeronautical Sciences.
Ten cents.
No. 17.The Photoelastic Method as an Aid in Stress Analysis and Structural Design,
by B. F. Ruffner.Reprinted from Apr. 1939, Aero Digest.
Ten cents.
No. 18.Fuel Value of Old.Growth vs. Second.Growth Douglas Fir, by Lee Gable.
Reprinted from June 1939. The Timberman.
Ten cents.
No. 19.Stoichiometric Calculations of Exhaust Gas, by G. \V. Gleeson and F. W.
Woodfleld, Jr.Reprinted from Nov. 1,1939, National Petroleum News.
Ten cents.
No. 20.The Application of Feedback to Wide-Band Output Amplifiers, by F. A.
Everest and H. R. Johnston.Reprinted from Feb.1940, Proc. of the
Institute of Radio Engineers.
Ten cents. -
No. 21.Stresses Due to Secondary Bending, by B. F. Ruffner.Reprinted from Proc.
of First Northwest Photoelasticity Conference, University of Washington,
Mar. 30, 1940.
Ten cents.
No. 22.Wall Heat Loss Back of Radiators, by E. C. Willey.Reprinted from Nov.
1940, Heating and Ventilating.
Ten cents.
No. 23.Stress Concentration Factors in Main Members Due to Welded Stiffeners, by
W. R.Cherry.Reprinted fromDec.1941,The Welding Journal,
Research Supplement.
Ten cents.
No. 24.Horizontal-Polar-Pattern Tracer for Directional Broadcast Antennas, by F. A.
Everest and W. S.Pritchett.Reprinted from May 1942, Proc. of The
Institute of Radio Engineers.
Ten cents.
No. 25.Modern Methods of Mine Sampling, by R. K. Meade.Reprinted from Jan.
1942, The Compass of Sigma Gamma Epsilon.
Ten cents.
No. 26.Broadcast Antennas and Arrays.Calculation of Radiation Patterns; Imped-
ance Relationships, by Wilson Pritchett.Reprinted from Aug. and Sept.
1944, Communications.
Fifteen cents.DIELECTRIC PROPERTIES OF PONDEROSA PINE 23
No. 27Heat Losses Through Wetted Walls, by E. C. Willey.Reprinted from June
1946, ASHVE Journal Section of Heating, Piping, & Air Conditioning.
Ten cents.
No. 28.Electric Power in China, by F. 0. McMillan.Reprinted from Jan.1947,
Electrical Engineering.
Ten cents.
No. 29.The Transient Energy Method of Calculating Stability, by P. C. Magnusson.
Reprinted from Vol. 66, A.I.E.E. Transactions, 1947.
Ten cents.
No. 30.Observations on Arc Discharges at Low Pressures, by M. J. Kofoid.Reprinted
from Apr. 1948, Journal of Applied Physics.
Ten cents.
No. 31.Long.Range Planning for Power Supply, by F. 0. McMillan.Reprinted from
Dec. 1948, Electrical Engineering.
Ten cents.
No. 32.Heat Transfer Coefficients in Beds of Moving Solids, by 0. Levenspiel and
J.S.Walton.Reprinted from 1949 Proc.of the Heat Transfer and
Fluid Mechanics Institute.
Ten cents.
No. 33.Catalytic Dehydrogenation of Ethane by Selective Oxidation, by J. P. McCul-
lough and J. S. Walton.Reprinted from July 1949, Industrial and Engi-
neering Chemistry.
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